The lateral spatial resolution provided by near-field scanning optical microscopes depends critically on the shape and size of the sharpened tip of the optical fiber used as a source of light or sensing element. The fabrication of a tip by the commonly used heating and pulling method is examined. It consists of an initially pulling and rupture followed by a cooling and relaxation. The presented analysis leads to a deeper physical understanding of these processes and suggests avenues for technical improvements.
(Received 31.August 1992; accepted for publication 25 February 1993) The lateral spatial resolution provided by near-field scanning optical microscopes depends critically on the shape and size of the sharpened tip of the optical fiber used as a source of light or sensing element. The fabrication of a tip by the commonly used heating and pulling method is examined. It consists of an initially pulling and rupture followed by a cooling and relaxation. The presented analysis leads to a deeper physical understanding of these processes and suggests avenues for technical improvements.
A number of optical imaging instruments have been developed L that provide lateral spatial resolution much finer than that available in conventional optical microscopes, which are limited by the effects of diffraction. These super-resolution instruments are based on the use of small apertures or sharpened tips as sensing elements. Although there are a number of distinct modes of operation, most involve the passage of an optical signal through a sharpened optical fiber placed very near the structure being imaged. In the following study, we concentrate on one particular type of such instrument, the near-field scanning optical microscope, or NSOM. The analysis of tip morphology and its role in signal transduction and imaging is not a function of the configuration of the imaging instrument, so the analysis might equally apply to other configurations such as the photon scanning tunneling microscope, or PSTM.3 Although the signal transduction mechanism for any of these instruments is a matter of some discussion,4 the importance of sensing tip size and morphology in instrument operation is universally accepted. Subwavelength optical resolution clearly depends on the use of a tip with very small radius of curvature.
Given the importance of tip size and morphology, it is reasonable to closely examine current NSOM sensor tip fabrication techniques. These typically involve an adaptation of a heating-and-pulling method developed in the pipette industry, which has accumulated considerable experience and obtained results satisfactory for quite different needs. ' . In NSOM applications, the crucial optical role of the tip morphology and especially the final radius 'of curvature makes any decrease of the latter and better control of the former very desirable. These goals can be achieved by more targeted fabrication procedure based on deeper physical insight. The purpose of the present communication is to examine in more detail the physical process that occurs when a fiber is drawn to a tine point during the heating-and-pulling method.
The formation process that determines the final tip shape and sharpness, includes two stages: (i) the pulling and rupture of a fiber heated to some elevated temperature a'Also at: Precision Engineering Center, North Carolina State University, Raleigh, NC 276958202.
Th and (ii) subsequent cooling and relaxation until viscous flow is negligible. The initial radius at the moment of rupture, r, can be estimated by considering it as a result of two competing phenomena: (a) a uniform thinning caused by the externally applied tension p; and (b) an intrinsic capillary instability of the cylinder due to the surface tension y, which tends to neck off the fiber into separate parts with smaller total surface area. Competition between these effects can be described in terms of their characteristic times. The elongation of a fiber segment under external stretching force results in its thinning. The instantaneous rate of the radius decrease should be proportional to the pulling pressure p and inversely proportional to the glass viscosity u. Thus,
and a characteristic time of thinning ~*=v/p can be introduced. In the absence of other phenomena leading to rupture and tip formation (and neglecting any effects due to gravity or environmental perturbations) one could expect unlimited thinning up to a cylinder of atomic diameter. The cylinder, however, is not a minimal free energy shape for a given quantity of material. This was first demonstrated by Plateau, and the dynamics was elaborated upon by Lord Rayleigh (who referred to as "varicose" instability) . In the case we are interested in, when surface tension and viscosity are paramount (rather than gravity and inertia6), any surface perturbation with a wavelength greater than 2w will grow. There is no finite mode of maximum instability, which means that a fiber (even homogeneously heated) would give way at a few and distant places rather than break up into a sequence of drops. The characteristic time associated with this capillary instability is6 rc = (v/y)r.
Fiber thinning continues homogeneously until the interference of the instability is. negligible, i.e., until its characteristic time rt is reasonably shorter than that of capillary necking rc. The path representing the actual pulling might follow the curved line in Fig. 1 , which depicts characteristic thinning time versus the instantaneous fiber radius, provided that tensile force p is defined for every r for some regime of pulling. The initial tip will be formed when this tip radius rgy/p is generally well above its lower bound y/pa. For a glass surface energy of 1 J/m2 and strength of 1 GPa one obtains a 1 nm radius limit. Thus, at this first stage an ultimately atomically sharp tip may be possible as soon as low surface energy and maximum fiber strength during the pulling are attained. In current NSOM tip production, capillary thinning results in the rupture that creates the initial tip of radius ri. This same process, however, can lead to undesirable results when multiple instabilities occur before one instability has led to fiber rupture. This is illustrated in Fig. 2 where electron micrographs of two pulled tips are shown. The simple conical tip [ Fig. 2(a) ] represents a structure that could serve as an NSOM tip. It has a small radius of curvature and an adiabatic taper. Its initial radius ri was apparently formed when only one capillary instability of any consequence occurred during the pulling process. The tip in Fig. 2(b) is an example of what can result when multiple (in this case two) capillary instabilities occur before rupture. Such a tip is neither mechanically nor optically well suited for NSOM use.
After the formation of the initial radius ri, the substantial Laplace pressure y/r combined with the low viscosity of the still-hot glass may result in tip blunting. Any precise description of this process would represent an extremely complex fluid dynamic problem of viscous flow. The following approximation retains all important features yet is still tractable. Very roughly, the geometry of the tip can be characterized by one variable which is tip curvature radius r>ri at every moment. The rate of the relative increase of It is convenient then to adopt an empirical extrapolation for the viscosity,718 v(T) zVexp(A/T), and to proceed with integration in the second term, representing tip relaxation:
It is instructive to express the above relation in the form
From Eq. (6) it is clear that the amount of post-rupture relaxation is represented by the product of two terms in the argument of the exponential, one involving material parameters, and the other, 8 ( Th) , incorporating the temperature dependence of thermal relaxation.
To evaluate the contribution of each of these terms to the final tip radius, we first assume that y~l J/m', c~2 x lo6 J/m3/K (typical value for glasses) and V=6.3 x 10m9 kg/m/s, A = 6.3 X lo4 K for SiOz. With these values, the temperature independent factor (ye/o) ( V/A3) = 10' is quite large. The temperature dependent term, G( Th) is a strongly varying function of the heating temperature and is in most applications very small. At the working point7 (us lo3 kg/m/s, Tz2500 K for SiOz) the temperature relaxation factor is about 8~ 10m8 so that the relaxation contribution to the final tip radius is on the order of a few percent at most, due to relatively high glass transition temperature and "activation energy" for this material an (as a result) fast cooling and solidification.
Only if the heating temperature, T,, were extremely high--on the order of 3000 K-would relaxation play a role in tip radius determination. In most conceivable laboratory situations in tip-pulling settings, such a high temperature would never be achieved. Furthermore, to keep the prefactor of this term small, minimization of the surface tension, y, is desirable. The latter condition might be realized through introduction of an ambient other than air during the pulling process.
Our analysis suggests that post-rupture relaxation hardly ever comes into play in normal tip manufacture. It does not address, however, the observed shape of drawn tips. Normally the approximation that the shape is spherical at the very tip breaks down under close scrutiny. A flattening of the tip is often observed in the sharpest tips when examined in a high resolution electron microscope.' One can reasonably assume that the bluntness of the very tip is a result of brittle fracture, rather than viscous necking. This would correspond to the situation when the "pulling trajectory" intersects the horizontal line (of brittle fracture threshold) in Fig. 1 .
While this analysis appeals to several approximations and simplifications, it does identify the mechanisms involved in NSOM tip fabrication by the heating and pulling method, and it provides recommendations for optimal tip fabrication. In particular, the initial radius of curvature r, may be minimized by: (i) employing maximum tension below the glass rupture threshold; and (ii) decreasing the surface tension y. Once rupture is complete and the cooling and relaxation stage has begun, the final radius rf may be minimized if: (i) the pulling has been undertaken at as low a temperature Th as can be reasonably experimentally allowed; and (ii) the surface tension is as low as possible. Given the optical and thermal properties of SiO,, these results are consistent with the experimental observation that for CO, laser tip pullers large pulling forces and high laser power result in small radius tips.
Due to the valuable complementary information available from NSOM and force microscopy, a combined NSOM/shear force microscope has recently been reported." Since in this case the optical fiber serves as a force transducer as well as an optical probe, its mechanical properties are important. Although the analysis above focuses primarily on tip radius, the tip geometry, and radius both determine its transverse rigidity, natural frequencies, and quality factor. Insofar as optical and mechanical performance is important in a combined optical/shear force instrument, and since both will be affected by tip morphology, an extension of the above study to consider both tip radius and shape is clearly indicated.
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